Understanding the properties of novel solid-state quantum emitters is pivotal for a variety of applications in field ranging from quantum optics to biology. Recently discovered defects in hexagonal boron nitride are especially interesting, as they offer much desired characteristics such as narrow emission lines and photostability. Here, we study the dependence of the emission on the excitation wavelength. We find that, in order to achieve bright single photon emission with high quantum efficiency, the excitation wavelength has to be matched to the emitter. This is a strong indication that the emitters possess a complex level scheme and cannot be described by a simple two or three level system. Using this excitation dependence of the emission, we thus gain further insight to the internal level scheme and demonstrate how to distinguish different emitters both 1 arXiv:1706.08303v2 [cond-mat.mes-hall] 27 Feb 2018 spatially as well as in terms of their photon correlations.
emission and absorption dipole -a strong indication of a multi-level system. [27] In order to control the creation of these defects and to understand their atomic origin, defect formation has been studied for example at different annealing temperatures, [22] and different atmospheres, [22] and with etching and ion implantation. [28] Despite these efforts, the atomic origin remains unknown and more information ont he properties of the emitters needs to be gathered.
Here, we study the level structure of defects in multilayer hBN flakes by photoluminescence excitation (PLE) spectroscopy on single emitters. By varying the excitation wavelength while monitoring emission intensity and emission spectrum (Figure 1a ), we gain knowledge on the level structure of the emitter and demonstrate the spectral dependence of the quantum efficiency.
The optical setup consists of a home-built confocal microscope, fiber coupled to an optical parametric oscillator (OPO, Opium, Radiantis) in another lab, a spectrometer (Andor Shamrock 303i) with a cooled CCD camera (Andor iDus), and two avalanche photodiodes (APDs, Micro
Photon Devices) in a Hanbury Brown and Twiss (HBT) configuration. The OPO emission was used to excite the hBN nanoflakes through a 0.85 NA 60X magnification objective (Edmund Optics).
The laser powers are measured in front of the slightly overfilled objective lens. The emitted photoluminescence was collected through the same obective and separated from the excitation light by means of a 50:50 beamsplitter. The photoluminescence was filtered by a 633 nm longpass filter and fiber coupled either to the spectrometer or the APDs. The samples was mounted on a
x-y-z piezo-translation stage to facilitate confocal photoluminescence scans.
The samples used were hBN nanoflakes (in ethanol/water, Graphene Supermarket) drop casted on clean silicon wafers. After evaporation of the solvent, the samples were annealed in a nitrogen Confocal images show two different, adjacent, quantum emitters located by the white and yellow circles. Specifically, the brightest emitter in panel (d), corresponding to 530 nm excitation laser wavelength, is only weakly visible in the scans using 600 nm illumination. Conversely, the strongest emitter in the 600 nm case is not visible in the 530 nm scans. However, both these emitters appear in the confocal scans using 550 nm light. These strikingly different images imply that they have very different excitation spectra and, therefore, level structure.
To investigate this effect in more detail we studied the photoluminescence of several nanoflakes with emission lines ranging from 630 nm to 740 nm, using 530 nm-620 nm excitation from the OPO. An overview of the photolumiscence spectra of a nanoflake as a function of excitation wavelength can be seen in Figure 2a . In this specific case, two emission lines stand out: at 656 nm and 676 nm, although the spectra include more features. As in Figure 1 , these two emission lines vary in strength depending on the excitation wavelength. Specifically, the line at 656 nm is the brightest under 590 nm illumination, while the 676 nm line is most efficiently excited at 540 nm.
Furthermore, we studied the power dependence of the emission using different excitation wavelengths. This is important, as the count rate for an emitter driven in saturation is directly linked to the quantum efficiency. Much like the excitation spectra, the saturation curves (Figure 2b) also show a strong dependence on the excitation wavelength. We fitted the detected counts at the spectral maxima of the two main emission peaks to the expected behavior of the count rate:
where R ∞ is the maximum rate out, I in is the input power, I s is the saturation power and B is the constant background. For the 656 nm (676 nm) line the fits yield R ∞ of 13k (12k), 40k (14k) and 44k (0.6k) counts for 530 nm, 570 nm, and 600 nm excitation, respectively. Furthermore, the saturation powers are 140 µW (520 µW), 1250 µW (650 µW), and 650 µW (320 µW), respectively.
As in a two level system, the value R ∞ is only governed by the decay process, the different R ∞ indicate that this system cannot be treated as a simple two level system. However, with these measurements it is not clear whether the two lines in the emitted spectrum stem from the same single emitter or two nearby emitters that could not, in contrast to the emitters shown in Figure 1 , be spatially resolved. In order to discriminate between these two possibilities,
we performed antibunching measurements at 300 µW excitation power (Figure 2c ) using the HBT setup. Comparing the results with the photoluminsescence spectra in Figure 2d , we can conclude There is also the possibility, that the excitation decays to the ground without emitting a photon at all, or that the photon emitted is not detected because it does not fall in the solid angle the microscope objective collects or it falls out of the detection range (see Figure 4a ).
To assess the absolute quantum efficiency of the emitters we compared the detected photons with the number of photons an ideal emitter would provide. For this, we assume that the ideal emitter would provide one photon per cycle, that is, 80 million counts in our case (here, we neglected re-excitation in the same pulses, as our pulses are much shorter than the excited state's lifetime).
By characterizing the efficiency of our microscope, and taking into account the radiation patterns of dipolar emitters near a silicon/air interface, we deduce the quantum efficiency of the emitters.
The emission patterns in Figure 4c -d are calculated for an air/silicon interface, at 660 nm with n Si = 3.8 and neglecting the losses in the silicon. [29] For the emitters in Figure 2 , the quantum efficiency is estimated to be 0.5-1.0 and 0.2-0.6 for the 656 nm and 676 nm lines, respectively, for the most efficient excitation wavelengths. Here, we assumed an in-plane dipole (see Figure 4b-d) no further from the silicon surface than 40 nm.
The relative spectral dependence of the quantum efficiencies for these emitters is shown in Figure 4f (for more data, please see Supporting Information) . The large variation observed here clearly shows that when working with single defects in hBN not only the emission should be considered, but also the excitation wavelength is of importance. Here, we emphesize that this is fundamentally different from a change in excitation efficiency as can be observed in many single photon emitters, for example nitrogen vacancy centers in diamond. [30] We find that the quantum efficiency has a different spectral dependence compared to the relative excitation efficiency.
Naturally, a wavelength-dependent absorption profile will affect the emitted power from a given quantum emitter, but once excited the quantum efficiency from this level is given by the different decay channels. The quantum efficiency is therefore not expected to vary with the excitation wavelength for a simple two-level system. Our results thus imply that there are multiple levels that compete with each other for the excitation energy and that this competition varies in strength over the studied spectral range, ultimately affecting the quantum efficiency of the emission.
From these findings, we can now try to get further insight on the level system of the defects. Figure 5a show a schematic of possible internal energy levels that includes radiative and non-radiative decay channels and correctly accounts for the wavelength dependence of the excitation efficiency.
However, due to the varying wavelength dependence of R ∞ and I sat presented in Figure 2b , it is more likely that there are more (dark) levels involved in the energy dissipation as shown in In conclusion, we have shown that the excitation efficiency as well as quantum efficiency of emitters in hBN are strongly wavelength dependent. This can be used to separate closely spaced emitters as shown in Figure 1d -f and Figure 2 , which together with their photostability makes these emitters a potential candidate for super-resolution imaging techniques. [31] Another consequence, for experiments which aim to use defects in hBN as efficient emitters, is that the excitation wavelength has to be tuned to gain the highest quantum efficiency. This is especially important for quantum information processing techniques.
Our findings suggest that the level structure of the defects in hBN is much more complex than a two or three level system. More details on the level structure could be probed using multiple wavelength excitation and pump-probe approaches. 
